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Sex-Based Differences in Susceptibility to Severe Acute 
Respiratory Syndrome Coronavirus Infection 


Rudragouda Channappanavar,* Craig Fett,* Matthias Mack, + Patrick P. Ten Eyck,* 

David K. MeyerhoIz, § and Stanley Perlman* 

Pathogenic human coronaviruses (CoVs), such as the severe acute respiratory syndrome (SARS)-CoV and the Middle East respi¬ 
ratory syndrome-CoV, cause acute respiratory illness. Epidemiological data from the 2002-2003 SARS epidemic and recent 
Middle East respiratory syndrome outbreak indicate that there may be sex-dependent differences in disease outcomes. To 
investigate these differences, we infected male and female mice of different age groups with SARS-CoV and analyzed their 
susceptibility to the infection. Our results showed that male mice were more susceptible to SARS-CoV infection compared with 
age-matched females. The degree of sex bias to SARS-CoV infection increased with advancing age, such that middle-aged mice 
showed much more pronounced differences compared with young mice. Enhanced susceptibility of male mice to SARS-CoV was 
associated with elevated virus titers, enhanced vascular leakage, and alveolar edema. These changes were accompanied by 
increased accumulation of inflammatory monocyte macrophages and neutrophils in the lungs of male mice, and depletion of 
inflammatory monocyte macrophages partially protected these mice from lethal SARS. Moreover, the sex-specific differences were 
independent of T and B cell responses. Furthermore, ovariectomy or treating female mice with an estrogen receptor antagonist 
increased mortality, indicating a protective effect for estrogen receptor signaling in mice infected with SARS-CoV. Together, these 
data suggest that sex differences in the susceptibility to SARS-CoV in mice parallel those observed in patients and also identify 
estrogen receptor signaling as critical for protection in females. The Journal of Immunology, 2017, 198: 000-000. 


P athogenic coronaviruses (CoVs), such as severe acute 
respiratory syndrome (SARS)-CoV and Middle East re¬ 
spiratory syndrome (MERS)-CoV and newly identified 
SARS- and MERS-like CoVs pose a significant threat to public 
health (1-7). SARS-CoV and MERS-CoV infect airway and al¬ 
veolar epithelial cells and cause acute respiratory illnesses (8, 9). 
High initial virus loads and increased numbers of inflammatory 
monocyte macrophages (IMMs) and neutrophils in the lungs, as¬ 
sociated with elevated proinflammatory cytokine/chemokine levels, 
caused lung damage in SARS patients (8, 10-12). The deleterious 
clinical manifestations of SARS likely stem from exuberant innate 
immune responses and virus-induced direct cytopathic effects (6, 
13-15). Recent studies from our laboratory showed that robust 
virus replication accompanied by delayed type I IFN signaling 
resulted in inflammatory responses and lung immunopathology, 
with diminished survival in susceptible BALB/c mice (16). 
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Studies from the 2002-2003 SARS epidemic showed that in¬ 
dividuals <25 y of age experienced mild to moderate illness. In 
contrast, elderly individuals aged >60 y suffered worse outcomes, 
with >50% mortality (8, 14). Similarly, young (6-wk-old) 
C57BL/6 (B6) mice were completely resistant to infection with 
mouse-adapted SARS-CoV (MAI5); however, as mice aged, there 
was a steep increase in the susceptibility, such that mice older 
than 5 mo of age were highly susceptible to MAI5 infection (17- 
19). In addition to age-dependent disease susceptibility, epide¬ 
miological studies showed sex-specific differences in the incidence 
and case fatality rates (CFRs) in humans after SARS-CoV infec¬ 
tion, with males experiencing higher CFRs compared with females 
(20, 21). Similarly, data from recent MERS outbreaks showed high 
incidence and CFRs among men (22). This sex-dependent increase 
in disease severity after pathogenic CoV infection was more pronounced 
with advancing age (20, 22). 

Males and females respond differently to many RNA and DNA 
virus infections (23). In general, males generate less robust immune 
responses and are more susceptible to a variety of infectious agents 
(23-27). In contrast, females mount stronger innate and adaptive 
immune responses and are relatively resistant to vims infections 
(23, 28-30). However, robust immune responses in females may 
also lead to immunopathology, resulting in fatal outcomes (23, 
29, 31). Sex-specific disease outcomes following virus infections 
are attributed to sex-dependent production of steroid hormones, 
different copy numbers of immune response X-linked genes, and 
the presence of disease-susceptibility genes in males and females 
(23, 32). Although testosterone suppresses innate immune re¬ 
sponses, hormones such as estrogens have disparate functions, 
with an immune-suppressive effect at high concentrations and 
immunostimulatory activity at low concentrations (23, 24, 33, 34). 
Estrogen signaling also promotes adaptive T cell responses in female 
mice by increasing neutrophil accumulation (30). Additionally, a re¬ 
cent study demonstrates a direct role for estrogen signaling in limiting 
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influenza virus replication in nasal epithelial cells derived from hu¬ 
mans by modulating genes that regulate the metabolic functions of 
cells (35). 

Although the epidemiological data from SARS and MERS 
outbreaks show male bias in disease susceptibility (20, 22), the 
basis for the differential susceptibility has not been established. 
Using a mouse model of SARS-CoY infection, we show that male 
mice are more susceptible to SARS-CoV infection than female 
mice. The enhanced susceptibility of male mice to SARS-CoV 
correlates with a moderate increase in virus titer and extensive 
IMM and neutrophil accumulation in the lungs. Furthermore, al¬ 
though gonadectomy did not affect disease outcome in male mice, 
ovariectomy or treating female mice with estrogen receptor an¬ 
tagonist ICI 182, 780 resulted in increased mortality to SARS- 
CoV infection, suggesting that estrogen signaling protects female 
mice from a lethal MAI5 infection. 

Materials and Methods 

Mice and viruses 

Specific pathogen-free male and female B6 and BALB/c mice (8-9 wk, 5 
and 8-10 mo) (Charles River) and 18-20-mo male and female B6 mice 
(National Institute on Aging aging colony) were bred and maintained in 
the University of Iowa animal care facility. The University of Iowa Insti¬ 
tutional Animal Care and Use Committee approved all animal experi¬ 
ments. Mouse-adapted SARS-CoV (MAI5), a kind gift from K. Subbarao 
(National Institutes of Health, Bethesda, MD), was propagated on Vero E6 
cells. Mice were lightly anesthetized using isoflurane and were intranasally 
infected with different doses of SARS-CoV in 50 [xl of DMEM. In pre¬ 
liminary experiments, we showed that the use of isoflurane, an inhalant, 
and ketamine/xylazine, an injectable anesthetic, gave similar results after 
SARS-CoV infection (Supplemental Fig. 1A). All work with infectious 
SARS-CoV was performed in Centers for Disease Control and Prevention/ 
Biological Select Agents and Toxin-Registered Biosafety Level 3 and 
Animal Biosafety Level 3 laboratories. 

Virus titers in the lungs and preparation of lung cells for FACS 
analyses 

Lung virus titers were determined on the Vero E6 cell line, as described 
earlier (17). FACS staining for lung cells was carried out as previously 
described (16, 17). Briefly, mice were sacrificed at the indicated time 
points. The lungs were perfused via the right ventricle with 10 ml of 
PBS, and the lungs were removed, cut into small pieces, and digested 
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in HBSS buffer containing 2% FCS, 25 mM HEPES, 1 mg/ml Colla- 
genase D (Roche), and 0.1 mg/ml DNase (Roche) for 30 min at room 
temperature. Digested lungs were minced, and the cell suspension was 
passed through a 70-pan strainer. Cells were then incubated with 
CD 16/32, washed, and stained with fluorochrome-conjugated cell 
surface Abs. 

Vascular leakage 

Infected and control male and female mice were injected i.v. with 200 pd of 
Evan’s blue dye (1.0% in PBS) on day 4 postinfection (p.i.). After 30 min, 
mice were anesthetized, and lungs were perfused with a 10-ml intracardial 
injection of PBS (36). 

Abs and flow cytometry 

For surface/intracellular staining, cells were incubated with the following 
fluorochrome-labeled Abs specific for mouse: PECy7-anti-CD45 (30-F11), 
FITC-anti-Ly6G (1A8), PE/PerCp-Cy5.5-anti-Ly6C (AL-21), V450-anti- 
CDllb (Ml/70), allophycocyanin-anti-F4/80 (BM8), FITC/PE-anti- 
CDllc (HL3), anti-CD80 (16-10A1), anti-CD4 (RM4-5), anti-CD8a 
(53-6.7), allophycocyanin-anti-TNF-a (MP6-XT22), allophycocyanin- 
anti-IL-6 (MP5-20F3), allophycocyanin-anti-IL-p (NJTEN3), and 
allophycocyanin-anti-iNOS (CXNFT) (BD Biosciences or eBioscience). 
Intracellular cytokine staining was carried out using a previously described 
protocol (16). 

RNA preparation from lungs and cytokine/chemokine 
estimation by quantitative PCR 

RNA was extracted from the lungs of mice (TRIzol; Invitrogen), and mRNA 
levels were determined after normalizing each sample to HPRT. Specific 
primer sets used for quantitative PCR were described previously (16). 

Lung histology and immunohistochemistry 

Lungs were removed, fixed in zinc formalin, and embedded in paraffin, and 
tissue sections were stained with H&E. Lung tissues were analyzed using 
the postexamination method of masking on tissue sections. Tissues were 
scored based on the extent of edema in lung air spaces using the following 
grades: 0, absence of edema; 1, edema detected in <33% of lung; 2, edema 
detected in 34-66% of lung; and 3, edema detected in >66% of lung. 
Tissues were also scored for the extent of perivascular inflammation (PI) 
using the following scale: 0, absence of PI; 1, mild PI aggregates around 
rare (fewer than three) vessels; 2, moderate PI aggregates around vessels 
(three to five vessels); and 3, moderate to expansile PI aggregates around 
vessels (more than five vessels). Scores were evaluated using Prism soft¬ 
ware and the Mann-Whitney U test, with p = 0.05 as a threshold for 
significance. 


FIGURE 1. Male mice are more susceptible to 
MAI5 infection than female mice. (A) Nine- 
month-old male and female mice were infected 
with 1250, 5000, or 10 4 PFU MA15, and survival 
was monitored for 12 d. (B) Two- and nine-month- 
old B6 male and female mice were infected with 
5000 PFU MA15, and 18-20-mo-old B6 mice were 
challenged with 1000 PFU MA15. Survival was 
monitored for 12 dpi. (A and B) Data are derived 
from two independent experiments with four or five 
mice per group per experiment. (C) Two-month-old 
BALB/c mice and 5- and 9-mo-old BALB/c mice 
were infected with 10 4 and 50 PFU MAI5, re¬ 
spectively, and were monitored for morbidity and 
mortality. Data are derived from two or three in¬ 
dependent experiments with three to five mice per 
group per experiment (left and middle panels) and 
from one experiment with four or five mice per 
group (right panel). **p < 0.01, ***/? < 0.001, 
****p < 0.0001, log-rank test with 95% CL 
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Viral Ag was detected using rabbit anti-N protein (1:1000) (IMG548; 
Imgenex), followed by labeling with biotinylated goat anti-rabbit IgG 
(1:200). Samples were developed with 3,3’-diaminobenzidine for 3 min. 

IMM-depletion studies 

Eight- to ten-month-old male and female B6 mice were treated i.p. with anti- 
CCR2 Ab (clone MC21, 25 |xg per mouse, i.p. in 250 |xl PBS) at — 6 h and 
at day 1 p.i. (16). 

Treatment with flutamide, tamoxifen, and ICI182, 780 

Male mice (8-9 mo) were treated with flutamide (20 mg/kg, in corn oil, 
s.c.) on days —6, —4, —2, and 0 of MA15 infection. Female mice (8-9 mo) 
were treated with tamoxifen (1 mg per mouse, i.p.) or ICI 182, 780 (1 mg 
per mouse, i.p.) in corn oil on days —6, —4, —2, and 0 p.i. Equal volumes 
of corn oil were used as vehicle control (37). Mice were infected with 
5000 PFU MAI5. Of note, ICI 182, 780 treatment did not change the 
serum estradiol levels in naive female mice (Supplemental Fig. IB). 

Quantitation of serum estrogen levels 

Serum estradiol concentration was measured by EFISA, as per the man¬ 
ufacturer’s instructions (Enzo Fife Sciences). 

Statistical analysis 

Statistical significance for survival studies was calculated using the log-rank 
(Mantel-Cox) test with 95% confidence interval (Cl). Statistical analy¬ 
ses for the rest of the figures (Figs. 2, 3, 4A, 4C, 7A, 7C) fall under the 
generalized linear modeling framework. Similar to a two-way ANOVA, all 
models considered contained two main effects variables along with their 


interaction term. Because the outcome variables generally followed a right- 
skewed distribution, we used a log-link function so that the modeling as¬ 
sumptions are appropriately satisfied by the data. In all models, time period 
was one of the two main effects. The other variable is the comparison of 
interest (i.e., sex, titer, or group). In some analyses, data sets cover multiple 
strata, so we fit each model to obtain estimates for each level of the var¬ 
iable of interest for each time point within each stratum. The comparisons 
at each time point are estimated and have corresponding p values, which 
can be used to determine statistical significance by comparing to the cutoff 
value a = 0.05 In (n is the number of comparisons made within a time point 
and stratum). 

Results 

Male mice are highly susceptible to SARS-CoV infection 

To examine sex-specific differences following SARS-CoV infec¬ 
tion, we initially infected 8-10-mo-old male and female B6 mice 
with different doses of MAI5 and monitored morbidity and 
mortality (Fig. 1A). Male and female mice infected with 1250 PFU 
MA15 were completely protected from SARS. However, increas¬ 
ing the MAI5 infection dose to 5000 PFU resulted in ~90% 
mortality in male mice compared with ~20% mortality in females 
(Fig. 1A). Further, at 10 4 PFU, all male mice died, whereas ~40% 
of the females survived MAI5 infection (Fig. 1A). Because CFRs 
of men and women varied with age following SARS-CoV and 
MERS-CoV infection (20, 22), we then investigated whether sex- 
specific differences in disease outcomes were age dependent. For 


FIGURE 2. Virus titers and lung pathology in 
MAI5-infected mice. Nine-month-old male and 
female mice were infected with 5000 PFU MAI5, 
and lungs were analyzed for titer (A), viral Ag 
staining in the lungs at different times p.i. (original 
magnification X 10) (B), gross pathology and vas¬ 
cular leakage in lungs of naive and MA15-infected 
male and female mice on day 4 p.i. (C), and his¬ 
tology in naive and MA15-infected male and fe¬ 
male mice on day 4 p.i. (D). (E) Fung inflammation 
and edema scores were determined at day 4 p.i. 
These data are derived from four or five mice per 
group. (A) Data are representative of two inde¬ 
pendent experiments. Statistical significance was 
determined as described in Materials and Methods. 
*p < 0.05. 
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FIGURE 3. Increased IMM accumulation in the 
lungs of MAI 5-infected male mice. Mice were 
infected with 5000 PFU MAI5 and analyzed for 
IMMs (A-C) or neutrophils (D-F) in the lungs on 
days 0, 1, and 3 p.i. Representative FACS plots 
show the percentage of IMMs (A) and neutrophils 
(D) in the lings. Bar graphs show the percentage 
and total number of IMMs (B and C) and neutro¬ 
phils (E and F) at different time p.i. Data are rep¬ 
resentative of two independent experiments with 
four mice per group per experiment. Statistical 
significance was determined as described in Mate¬ 
rials and Methods. **p < 0.01, ***p < 0.001. 
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these experiments, male and female mice of different age groups 
were challenged with 5000 PFU MAI5 virus. As shown in Fig. IB, 
young 2-mo-old male and female mice were completely resistant to 


developing SARS. Conversely, all 8-9-mo-old male mice suc¬ 
cumbed to MAI5 infection, whereas only 10% of females died of 
the infection. Although all aged (20 mo) mice succumbed to infection 
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IMMs) at — 6 h and day 1. These mice were in¬ 
fected with 4000 PFU MAI5, and survival was 
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as described in Materials and Methods. *p < 0.05, 
**p < 0.01, ***/? < 0.001. ns, not significant. 


D 


Female (8-9 Months) (n=5) 


-CD 100- 
> 


£ 

3 

0 


80- 

60- 

40- 


c 
0 
O 

0 20-1 


0- 


B Control Ig 
* MC21 treated 


0 2 4 6 8 10 12 


Male (8-9 Months, n=9-10) 


76 100-- 

| 80- 

» 60- 

I 40- 
o 

0 20 - 
Q_ 

0+ 

0 



Q Control Ig 
■■■ MC21 treated 


. 1 , , . 

2 4 6 8 10 12 


** 

P=0.0023 


Days Post-infection 


Downloaded from http://www.jimmunol.org/ by guest on April 5, 2017 



























































































































































































The Journal of Immunology 


5 


with 5000 PFU MAI5, male mice succumbed to infection with 1000 
PFU MAI5, whereas all female mice survived (Fig. IB). 

To determine whether sex-specific disease outcomes after MAI5 
challenge were limited to B6 mice, we infected young (8-9 wk), 
adult (5 mo), and middle-aged (8-9 mo) BALB/c mice with MAI5 
(Fig. 1C). BALB/c mice exhibit striking age-dependent differ¬ 
ences in morbidity and mortality, so we used lower doses of MAI5 
in older mice to identify sex-specific disease outcomes. Similar to 
B6 mice, there was no difference in the susceptibility of young 
male and female BALB/c mice to MAI5 challenge. However, 
5-mo-old adult male BALB/c mice were highly susceptible in 
comparison with age-matched female mice when infected with 
50 PFU MAI5. Sex-specific differences in 9-mo-old mice could 
not be discerned because both male and female mice were highly 
susceptible to MAI5 infection, even at a low dose (50 PFU) 
(Fig. 1C). Together, these results show that males are more sus¬ 
ceptible to MAI5 infection than are female mice. 

Enhanced virus replication and lung pathology in male mice 

Because sex-specific disease outcomes were most pronounced in 
middle-aged mice, we used 8-9-mo-old male and female B6 mice 
for further studies. We first determined virus titers in the lungs of 
MA15-infected male and female mice. Total virus loads were 
nearly identical in the lungs at 16 h p.i.; however, we observed a 
modest increase (2-3-fold) in MAI5 titer in the lungs of male 
mice compared with females at days 1 and 3 p.i. (Fig. 2A). SARS- 
CoY-N Ag was detected in airway epithelial cells and in type I 
and II pneumocytes in male and female mice at days 2 and 4 p.i. 
Moderately greater viral Ag staining was noted in the lung air¬ 
ways and parenchyma of male mice (Fig. 2B). Gross examina¬ 
tion of the lungs revealed extensive hyperemia and congestion in 
male mice at day 4 p.i., whereas those from female mice appeared 
nearly normal (Fig. 2C). Additionally, lung vascular leakage 
was much more prominent in SARS-CoV-infected male mice, as 
assessed in an Evans Blue extravasation assay at day 4 p.i. 
(Fig. 2C, right panels). Further, histological examination of lungs 
revealed marked alveolar edema and terminal bronchiolar epi¬ 
thelial sloughing in male mice at day 4 p.i., whereas female lungs 
showed minimal alveolar edema with increased peribronchial- 
perivascular immune cell infiltration (Fig. 2D, 2E). These results 
show a marginal, but significant, increase in virus replication with 
pronounced gross and microscopic pathological changes in male 
mice. 

Increased accumulation of IMMs and neutrophils in the lungs 
of male mice 

Next, we investigated whether sex-specific disease susceptibility 
in males correlated with increased inflammatory cell recruit¬ 
ment. Total lung cells harvested from MA15-infected 8-9-mo-old 
male and female mice were analyzed for the percentage and total 
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female RAG1 mice were challenged with 1750 PFU MA15 and 
monitored for morbidity and mortality for 14 d. Data are derived from 
seven or eight mice per group. **p < 0.01, log-rank test with 95% CL 
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for disease severity. (C) Percentage of initial weight and survival among 
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infected with 5000 PFU MAI5 and monitored for morbidity and mortality. 
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number of different innate immune cells. Total numbers of alve¬ 
olar macrophages, NK cells, and plasmacytoid dendritic cells were 
nearly the same in MA15-infected male and female lungs at days 
1 and 3 p.i. (data not shown). In contrast, significantly increased 
numbers of Ly6C hl CDllb + IMMs and neutrophils infiltrated into 
the lungs of male mice compared with females on days 1 and 3 p.i. 
(Fig. 3). At day 3 p.i., 2-3-fold more IMMs were present in the 
lungs of male mice compared with female mice (Fig. 3A-C). 
Similarly, a 4-5-fold increase in the total number of neutrophils 
was noted in the lungs of male mice at days 1 and 3 p.i. (Fig. 3C, 3D, 
and 3F). 

Inflammatory cytokine and chemokine activity in the lungs of 
male and female mice 

Increased mortality in male mice may result from an exuberant, but 
ineffective, cytokine response. To evaluate this possibility, we 
analyzed cytokine mRNA at different times post-MA15 infection. 
As shown in Fig. 4A, transcript levels of IFN-(3 were similar in 
male and female lungs at different times post-MA15 infection. In 
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contrast, mRNA levels of proinflammatory cytokines (IL-6) and 
chemokines (CCL2 and CXCL1), which were equivalent in both 
sexes early p.i., were upregulated in the lungs of male mice 
compared with females at day 3 p.i. (Fig. 4A), suggesting a more 
robust inflammatory response. Next, to determine whether the 
disparate proinflammatory cytokine/chemokine levels in the lungs 
were due to altered cytokine and chemokine production by IMMs, 
lung IMMs harvested from MA15-infected male and female mice 
at day 3 p.i. were stained directly ex vivo for intracellular TNF, 
IL-6, and IL-lp without stimulation in vitro. Intracellular cytokine 
analyses showed that significantly higher frequencies and numbers 
of IMMs expressed proinflammatory cytokines in male mice 
compared with female mice (Fig. 4B, 4C). To investigate whether 
accumulating IMMs were, in fact, responsible for the increased 
mortality observed in 8-9-mo-old male mice, we depleted IMMs 
in female and male mice using MC21 Ab, as described previously 
(16). mAb MC21 targets CCR2 and specifically depletes IMMs. 
As expected, depletion of IMM did not affect disease outcome in 
female B6 mice (Fig. 4D). However, mAb MC21 Ab treatment 
provided marginal, but significant, protection in 8-9-mo-old male 
mice (Fig. 4D), suggesting that IMMs contributed to lethal disease 
in male mice. 

Sex-dependent SARS outcomes are independent of adaptive immunity 

Most 8-9-mo-old B6 male mice succumbed to MAI5 infection 
between days 5 and 7 p.i., a time that correlates with peak T cell 
responses after MAI5 infection. To examine whether a differential 
adaptive immune response to MAI5 infection contributed to in¬ 
creased disease in male mice, we examined MA15-induced mor¬ 
bidity and mortality in 8-mo-old male and female RAGl _/_ mice, 
which lack mature T and B cells. As shown in Fig. 5, male and 
female RAGl _/_ mice lost equivalent weight after MA15 infec- 
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tion. However, mortality was significantly higher in male RAG1 7 
male compared with female mice, suggesting that disease outcomes 
were independent of T cell and Ab responses. 

Estrogen signaling protects female mice from lethal MAI5 
infection 

We next investigated the role of sex steroids in SARS-CoV 
pathogenesis by comparing gonadectomized and control coun¬ 
terparts p.i. Gonadectomy or treatment with flutamide, a nonste¬ 
roidal anti-androgen, did not affect morbidity and mortality in male 
mice following lethal MAI5 infection, suggesting that androgens 
do not play a role in SARS-CoY pathogenesis (Fig. 6A, 6B). 
However, a caveat of these experiments is that SARS-CoV in¬ 
fection significantly reduces serum testosterone levels (data not 
shown). In marked contrast, MA15-infected gonadectomized fe¬ 
male mice showed progressive weight loss, and ~85% died by day 
8 p.i., whereas only 10-20% mortality was observed in control 
female mice (Fig. 6C). Furthermore, female mice treated with the 
estrogen receptor antagonist ICI 182, 780 were more susceptible 
to MAI5 infection compared with female mice treated with es¬ 
trogen receptor agonist/modulator, tamoxifen, or vehicle control 
(Fig. 6D). Notably, female mice treated with tamoxifen showed 
significantly reduced weight loss compared with vehicle control- 
treated mice after MA15 infection (Fig. 6D). These results dem¬ 
onstrated that estrogen receptor signaling protected female mice 
from MAI5 infection, whereas androgens did not influence dis¬ 
ease outcome in males. 

Increased IMM accumulation in ovariectomized female mice 

To determine whether the lack of estrogen signaling was suffi¬ 
cient to cause the same changes in the immune response that was 
observed in males, we examined viral titers, and IMM and neutrophil 
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FIGURE 7. Vims titer and IMM accumulation in ovariectomized female mice. Nine-month old control or ovariectomized mice were infected with 5000 
PFU MA15, and virus titers and inflammatory cell accumulation were analyzed. (A) Lung virus titers in 9-mo-old male and female mice at days 2 and 4 p.i. 
(B and C) IMM and neutrophil accumulation in the lungs at day 2 p.i. Data are derived from two independent experiments with three or four mice per group 
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was determined as described in Materials and Methods. **p < 0.01, ***p < 0.001. ns, not significant. 
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accumulation in control and ovariectomized female mice at different 
times post-MA15 infection. As shown in Fig. 7A, total lung MAI5 
titers were identical in both groups of mice at day 2 p.i., but mar¬ 
ginally increased virus titers were noted on day 4 p.i. Additionally, 
lungs of ovariectomized mice showed an increased percentage and 
number of IMMs, but not neutrophils, at day 2 p.i. (Fig. 7B, 7C), 
suggesting a role for lung IMMs in disease severity, as we observed 
previously in another model of severe SARS (16). Thus, decreased 
estrogen signaling accounted for some, but not all, of the immune 
changes observed in MA15-infected male mice. 

Discussion 

Our results show that male mice are highly susceptible to SARS-CoV 
infection compared with age-matched females. These results are 
consistent with SARS and MERS studies in humans that showed 
a trend toward sex-specific disease outcomes in middle-aged indi¬ 
viduals compared with younger individuals (20, 22). In agreement 
with the human studies, our results demonstrate that sex-specific 
differences in disease severity are prominent in middle-aged mice 
and are less prominent in young and aged mice (Fig. 1). Of note, 
differences were less apparent in individuals aged >75 y, possibly 
because of the enhanced mortality in all elderly, regardless of sex, 
due to dysregulated immune responses (38). 

Multiple factors contribute to disparity in sex-specific disease 
outcomes following virus infections. Sex-specific steroids and ac¬ 
tivity of X-linked genes, both of which modulate the innate and 
adaptive immune response to virus infection, influence the immune 
response (23, 27, 39-41). High copy numbers of TLR7 (located on 
the X-chromosome) and elevated IRF-7 expression in females in¬ 
duce increased IFN-(3 production by plasmacytoid dendritic cells 
and provided protection against HIV infection (42, 43). Similarly, 
elevated type IIFN levels correlated with reduced mouse hepatitis 
virus titers in female mice compared with male mice, possibly 
through TLR7 activation (31). In the current study, mRNA levels of 
IFN-(3 were equivalent during all time points examined. However, 
although proinflammatory cytokine (IL-6) and chemokine (CCL2 
and CXCL1) expression was similar in both sexes early (16, 24, and 
48 h p.i.) after SARS-CoV challenge, the levels of these cytokines 
and chemokines remained elevated or even increased in the lungs 
of male mice compared with females at 72 h p.i. (Fig. 4A), sug¬ 
gesting a prolonged inflammatory response in male mice. 

Estrogens are known to suppress monocyte-macrophage re¬ 
cruitment by downregulating CCL2 expression during inflammation 
and inhibiting TLR4-mediated NFk( 3 activation in macrophages via 
suppression of micro-RNAs, such as let7a and miR-125b (44, 45). 
Similarly, treating gonadectomized mice with estrogen reduced the 
levels of TNF and CCL2 and, thus, protected them from influenza 
vims infection (29, 30). We recently showed that IMMs were the 
predominant source of these proinflammatory cytokines and che¬ 
mokines during lethal SARS (16). In the current study, we observed 
increased numbers of IMMs and neutrophils in SARS-CoV-infected 
males. Additionally, increased numbers of IMMs correlated with 
elevated levels of proinflammatory cytokines and chemokines 
in the lungs of male mice, and these cells also produced more 
of these inflammatory mediators in male mice compared with 
female mice (Fig. 4). Further, increased numbers of IMMs in 
ovariectomized mice compared with intact female mice suggest 
that estrogen signaling in females suppressed the accumulation 
and function of IMMs in the lungs. We also identified a patho¬ 
genic role for type I IFN during SARS-CoV infection (16). Rapid 
SARS-CoV replication accompanied by delayed type I IFN sig¬ 
naling promoted the accumulation of pathogenic IMMs, resulting 
in elevated lung cytokine/chemokine levels, vascular leakage, and 


an impaired T cell response (16). However, no detectable dif¬ 
ference in IFN-(3 levels in the lungs of male and female mice 
suggest that the basis for the differences is IFN independent in 
this instance. Additionally, it is unlikely that impaired virus- 
specific T cell responses resulted in enhanced SARS in males, 
because sex-specific disease outcomes were evident in T and 
B cell-deficient RAGl _/_ mice. 

Another factor that could contribute to differential outcomes in 
males and females is the direct cytopathic effect that is due to 
higher virus loads in males (6, 15). Estrogen treatment of cultured 
nasal epithelial cells isolated from naive female mice suppressed 
influenza A virus replication by modulating genes associated with 
cellular metabolism. In contrast, treating nasal epithelial cells 
isolated from male mice with estrogen had no effect on virus 
replication (35). Because SARS-CoY predominantly replicates in 
airways and alveolar epithelial cells (46), and estradiol concen¬ 
trations are higher in female mice (47), estrogen signaling in fe¬ 
males may directly suppress SARS-CoY replication via effects on 
cellular metabolism. Moreover, high viral RNA levels in the lungs 
of male mice may stimulate TFR7 on IMMs, resulting in elevated 
proinflammatory cytokines and chemokines (48). 

Our results highlight sex-specific differences in susceptibility to 
SARS-CoV and perhaps other CoV infections. Higher virus titers 
and increased IMM and neutrophil infiltration in the lungs suggest 
the contribution of multiple factors to the disease severity observed 
in male mice. Additionally, enhanced susceptibility of ovariecto¬ 
mized and estrogen receptor antagonist-treated female mice 
demonstrate the protective effect of estrogen receptor signaling in 
females. Overall, the results are consistent with the sex bias ob¬ 
served in human CoV infections and provide mechanistic insight 
into the differences in disease severity in men and women. 
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